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We discuss the linkage between dark matter mass in the one-loop radiative seesaw model
and the effective neutrino mass for the neutrino less double beta decay. This linkage,
which has been already numerically suggested, is confirmed to be a reasonable relation-
ship by deriving analytical expressions for two zero flavor neutrino mass texture.
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1. Introduction
Understanding the nature of dark matter as well as of neutrinos is one of the out-
standing problems in particle physics. Recently, Ma has been proposed a simple
model, so-called radiative seesaw model or scotogenic model, which can simultane-
ously account for the origin of neutrino masses and the presence of dark matter.1
In this model, neutrino masses vanish at the tree level but are generated by one-
loop interactions mediated by a dark matter candidate. One-loop2–32 as well as
two-loops33–46 and three-loops47–54 interactions related to neutrino mass and dark
matter have been extensively studied in literature.
On the other hand, there have been various discussions on neutrino masses to
ensure the appearance of the observed neutrino mixings and masses, for example,
based on flavor neutrino mass matrices with two zeros.55–58 This type of matrix
is called the two zero flavor neutrino mass texture. If we require a nonvanishing
effective neutrino mass Mee for the neutrino less double beta decay,
59, 60 only four
textures are compatible with observed data in the two zero flavor neutrino mass
texture scheme.
In this paper, we clarify the linkage between dark matter mass in the one-loop
radiative seesaw model and the effective neutrino mass for the neutrino less double
beta decay. This linkage has been numerically suggested by Kubo, Ma and Sue-
matsu.3 Using the two zero flavor neutrino mass texture, we show this connection
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more explicitly by deriving analytical expressions supplemented by additional nu-
merical calculations.
In Sec.2, we show a brief review of the radiative seesaw model and the two zero
flavor neutrino mass texture. In Sec.3, we show the linkage between dark matter
mass and the effective neutrino mass for the neutrino less double beta decay. Sec.4
is devoted to summary.
2. Brief review
2.1. Radiative seesaw model
The radiative seesaw model1 is an extension of the standard model containing three
new Majorana SU(2)L singlet fermions Nk (k = 1, 2, 3) and one new scalar SU(2)L
doublet (η+, η0). These new particles are odd under exact Z2 symmetry. Under
SU(2)L × U(1)Y × Z2, the main particle contents for radiative seesaw model is
given by (α = e, µ, τ ; k = 1, 2, 3) :
Lα = (να, ℓα) : (2,−1/2,+), ℓCα : (1, 1,+),
Φ = (φ+, φ0) : (2, 1/2,+),
Nk : (1, 0,−), η = (η+, η0) : (2, 1/2,−), (1)
where (να, ℓα) is the left-handed lepton doublet and (φ
+, φ0) is the Higgs doublet
in the standard model.
The new particles are contained in Yukawa interactions
LY ⊃ hαk(ναη0 − ℓαη+)Nk + h.c., (2)
in the Majorana mass terms
LN ⊃ 1
2
MkNkNk + h.c., (3)
and in the quartic scalar interaction potential
Vint ⊃ 1
2
λ5(Φ
†η)2 + h.c. (4)
Owing to the Z2 symmetry, neutrinos remain massless at tree level but acquire
masses via one-loop interactions. The neutrino flavor masses read1, 61, 62
Mαβ =
3∑
k=1
hαkhβkΛk, (5)
with
Λk =
λ5v
2
16π2
Mk
m20 −M2k
(
1− M
2
k
m20 −M2k
ln
m20
M2k
)
, (6)
where we define m20 = (m
2
R + m
2
I)/2 and v, mR, mI denote vacuum expectation
value of the Higgs field, the masses of
√
2Re[η0] and
√
2Im[η0], respectively.
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At the one-loop level, flavor violating processes such as µ→ eγ are induced. The
branching ratio of µ→ eγ is given by3, 63
Br(µ→ eγ) = 3αem
64π(GFm20)
2
∣∣∣∣∣
3∑
k=1
hµkh
∗
ekF
(
M2k
m20
)∣∣∣∣∣
2
, (7)
where αem denotes the fine-structure constant (electromagnetic coupling), GF de-
notes the Fermi coupling constant and F (x) is defined by
F (x) =
1− 6x+ 3x2 + 2x3 − 6x2 lnx
6(1− x)4 . (8)
2.2. Relic abundance of dark matter
The radiative seesaw mechanism of neutrino masses also predicts the existence of
particle dark matter. The Z2 symmetry renders the lightest Z2 odd particle stable
in the particle spectrum and this lightest Z2 odd particle becomes a dark matter
candidate.
We assume that the lightest Majorana singlet fermion, which is taken to be N1,
becomes the dark matter. We consider the following two cases:
(i) M1 ≪M2 < M3,
(ii) M1 . M2 < M3.
Especially in the case (ii), we have to take account of coannihilation effects64 be-
cause N1 is considered to be almost degenerate with the next to lightest Majorana
singlet fermion N2. The effective cross section σeff , including contributions from
coannihilation, is obtained as
σeff =
g2N1
g2eff
σN1N1 +
2gN1gN2
g2eff
σN1N2(1 + ∆M)
3/2e−∆M·x
+
g2N2
g2eff
σN2N2(1 + ∆M)
3e−2∆M·x,
geff = gN1 + gN2(1 + ∆M)
3/2e−∆M·x, (9)
where σNiNj (i, j = 1, 2) is annihilation cross section for NiNj → f¯ f , ∆M = (M2−
M1)/M1 depicts the mass splitting ratio of the degenerate singlet fermions, x =
M1/T denotes the ratio of the mass of lightest singlet fermion to the temperature T
and gN1 and gN2 are the number of degrees of freedom of N1 and N2, respectively.
The effective (co)annihilation cross section times the relative velocity of annihi-
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lation particles vrel is given by
65
σNiNj |vrel| =
1
8π
M21
(M21 +m
2
0)
2
(
1 +
m40 − 3m20M21 −M41
3(M21 +m
2
0)
2
v2rel
)
×
∑
αβ
(hαihβj − hαjhβi)2 + 1
12π
M21 (M
4
1 +m
4
0)
(M21 +m
2
0)
4
×v2rel
∑
αβ
hαihαjhβihβj , (10)
where i, j should be taken to be 1 or 2. Since we are interested in the effect of
coannihilation, we assume ∆M ≃ 0 and obtain
σeff |vrel| =
(σN1N1
4
+
σN1N2
2
+
σN2N2
4
)
|vrel|. (11)
If we define aeff and beff by σeff = aeff + beffv
2
rel, thermally averaged cross section
〈σeff |vrel|〉 can be written as 〈σeff |vrel|〉 = aeff + 6beff/x, where
aeff =
1
16π
M21
(M21 +m
2
0)
2
∑
αβ
(hα1hβ2 − hα2hβ1)2,
beff =
1
16π
M21
(M21 +m
2
0)
2
m40 − 3m20M21 −M41
3(M21 +m
2
0)
2
∑
αβ
(hα1hβ2 − hα2hβ1)2
+
1
48π
M21 (M
4
1 +m
4
0)
(M21 +m
2
0)
4
∑
αβ
(hα1hβ1 + hα2hβ2)
2. (12)
The relic abundance of cold dark matter is estimated to be:
Ωh2 =
107× 109xf
g
1/2
∗ mpl(GeV)(aeff + 3beff)/xf
, (13)
where mpl = 1.22× 1019GeV, g∗ = 106.75 and
xf = ln
0.038geffmplM1〈σeff |vrel|〉
g
1/2
∗ x
1/2
f
. (14)
2.3. Two zero flavor neutrino mass texture
In the two zero flavor neutrino mass texture scheme, there are 15 possible combina-
tions of two vanishing independent elements in the flavor neutrino mass matrix. If
we require a nonvanishing effective neutrino mass Mee for the neutrino less double
beta decay, the interesting textures are the following only four57, 58
B1 :

Mee Meµ 0− 0 Mµτ
− − Mττ

 , B2 :

Mee 0 Meτ− Mµµ Mµτ
− − 0

 ,
B3 :

Mee 0 Meτ− 0 Mµτ
− − Mττ

 , B4 :

Mee Meµ 0− Mµµ Mµτ
− − 0

 , (15)
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where the mark “−” denotes a symmetric partner. For these textures, nearly de-
generated neutrino masses are favorable;55 however, neutrino mass ordering, ei-
ther the normal ordering (NO), m1 ≤ m2 ≤ m3, or the inverted ordering (IO),
m3 ≤ m1 ≤ m2, is not determined.
The texture zeros in the Majorana neutrino mass matrix can be realized by im-
posing appropriate symmetries on the Lagrangian of neutrino mass models.55, 66–72
For example, B1, B2, B3 and B4 textures are obtained by imposing the cyclic group
Z3.
55 There are other symmetry realization of B1, B2, B3 and B4 textures. The B1
and B2 textures have been realized by using A4 or its Z3 subgroup.
73 The B3 and
B4 textures have been obtained by soft breaking of the Lµ−Lτ symmetry.74 More-
over, one-loop induced radiative neutrino mass model with some flavor dependent
U(1) gauge symmetry and two zero textures are also discussed.75, 76 In this paper,
because we concentrate on researching the relation between dark matter mass in
the scotogenic model and effective neutrino mass of neutrinoless double beta decay
in the two zero textures, we would like to put aside the discussion of the particular
mechanism for realization of texture two zero scheme. Whether the simplicity of the
Eq.(5) is held or not with two zero texture is interesting question. The realization
of two zero texture in the scotogenic model is important issue and we will discuss
it in our future study.
Our recent discussions77, 78 have found the dependence of the flavor neutrino
masses Mαβ (α, β = e, µ, τ) and mass eigen values mj (j = 1, 2, 3) on Mee, which
dictates, for textures labelled by X = B1,B2,B3,B4,
Mαβ = f
X
αβ(θ12, θ23, θ13, δ)Mee, (16)
and
mje
−iφj = fXj (θ12, θ23, θ13, δ)Mee, (17)
with the obvious definition of fXee = 1, where θ12,23,23 are three neutrino mixing
angles and δ is the CP-violating Dirac phase as defined in Ref.79 and φ1, φ2, φ3 are
the Majorana CP phases.
More explicitly, we obtain the following expressions for the B1 texture:
Mαβ = f
B1
αβMee,
mje
−iφj = fB1j Mee, (18)
where
fB1eτ = f
B1
µµ = 0, (19)
fB1eµ = −
A1
c23B1 + s23C1
,
fB1µτ = −A1
−c23B3 + s23C3
c23B1 + s23C1
− 1− e
−2iδ
2
sin 2θ23,
fB1ττ = −A1
c23B2 + s23C2
c23B1 + s23C1
+A2,
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and
fB11 = A1
t12c23
c13
+ t13s23e
iδ
c23B1 + s23C1
+ 1,
fB12 = A1
− c23c13t12 + t13s23eiδ
c23B1 + s23C1
+ 1,
fB13 = A1
− s23t13 e−iδ
c23B1 + s23C1
+ e−2iδ, (20)
as well as
A1 = c
2
23 + s
2
23e
−2iδ,
A2 = s
2
23 + c
2
23e
−2iδ,
B1 =
2c223
c13 tan 2θ12
− t13 sin 2θ23e−iδ,
B2 =
2s223
c13 tan 2θ12
+ t13 sin 2θ23e
−iδ,
B3 =
sin 2θ23
c13 tan 2θ12
+ t13 cos 2θ23e
−iδ,
C1 = 2
(
s223e
−iδ
tan 2θ13
− t13c
2
23e
iδ
2
)
,
C2 = 2
(
c223e
−iδ
tan 2θ13
− t13s
2
23e
iδ
2
)
,
C3 = sin 2θ23
(
e−iδ
tan 2θ13
+
t13e
iδ
2
)
, (21)
with cij = cos θij , sij = sin θij and tij = tan θij .
Similarly, we obtain
fB2eµ = f
B2
ττ = 0, (22)
fB2eτ =
A2
s23B2 − c23C2 ,
fB2µµ = A2
−s23B1 + c23C1
s23B2 − c23C2 +A1,
fB2µτ = A2
s23B3 + c23C3
s23B2 − c23C2 −
1− e−2iδ
2
sin 2θ23,
and
fB21 = A2
t12s23
c13
− t13c23eiδ
s23B2 − c23C2 + 1,
fB22 = A2
− s23c13t12 − t13c23eiδ
s23B2 − c23C2 + 1,
fB23 = A2
c23
t13
e−iδ
s23B2 − c23C2 + e
−2iδ, (23)
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for the B2 texture,
fB3eµ = f
B1
µµ = 0, (24)
fB3eτ =
A1
s23B1 − c23C1 ,
fB3µτ = A1
s23B3 + c23C3
s23B1 − c23C1 −
1− e−2iδ
2
sin 2θ23,
fB3ττ = 2A1
(s23B3 + c23C3) cos 2θ23 − s23t13e−iδ
sin 2θ23(s23B1 − c23C1) −
1− e−2iδ
2
cos 2θ23,
and
fB31 = A1
t12s23
c13
− t13c23eiδ
s23B1 − c23C1 + 1,
fB32 = A1
− s23c13t12 − t13c23eiδ
s23B1 − c23C1 + 1,
fB33 = A1
c23
t13
e−iδ
s23B1 − c23C1 + e
−2iδ, (25)
for the B3 texture and
fB4eτ = f
B4
ττ = 0, (26)
fB4eµ = −
A2
c23B2 + s23C2
,
fB4µµ = −A2
c23B1 + s23C1
c23B2 + s23C2
+A1,
fB4µτ = −A2
−c23B3 + s23C3
c23B2 + s23C2
− 1− e
−2iδ
2
sin 2θ23,
and
fB41 = A2
t12c23
c13
+ t13s23e
iδ
c23B2 + s23C2
+ 1,
fB42 = −A2
c23
c13t12
− t13s23eiδ
c23B2 + s23C2
+ 1,
fB43 = −A2
s23
t13
e−iδ
c23B2 + s23C2
+ e−2iδ, (27)
for the B4 texture.
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3. Radiative seesaw dark matter and neutrinoless double beta
decay
3.1. Mee and dark matter
In order to study the relation of the neutrino flavor mass Mαβ and dark matter
mass M1, the Yukawa couplings
h =

 he1 he2 he3hµ1 hµ2 hµ3
hτ1 hτ2 hτ3

 , (28)
should be determined. For examples, the texture of the Yukawa matrix h is assumed
as
h =

 0 0 he3hµ1 hµ2 he3
hµ1 hµ2 −he3

 , (29)
in Ref.80 or parametrized with three parameters h1, h2, h3 as
h =

 h1 h2 h3−0.68h1 h2 3.56h3
0.31h1 −h2 4.55h3

 , (30)
in Ref.81
In this paper, we focus our attention on the relation between Mee and M1. For
our purpose, assuming two zero elements in the flavor neutrino mass matrix, e.g.
two zero texture, is one of the useful assumptions. The clear dependence of the
flavor neutrino mass Mαβ on Mee is obtained as Eq.(16) and we can use not only
Mee =
3∑
k=1
(hXek)
2Λk, (31)
but also
Mee = (f
X
αβ)
−1Mαβ
= (fXαβ)
−1
3∑
k=1
hXαkh
X
βkΛk, (32)
to reveal the the relation between Mee and M1 (recall that Λk = f(M1)).
The derivation of the relation in Eq.(32) will be more difficult if we use the
general parametrization of neutrino mixing, e.g., the Casas-Espinosa-Ibarra-Navarro
parametrization.82, 83 Thanks to our formula of Eq.(16) for two zero texture, we find
the clear linkage between dark matter mass M1 in the one-loop radiative seesaw
model and the effective neutrino mass for the neutrino less double beta decay Mee
in Eq.(32). This result has been already numerically suggested by Kubo et. al.3 We
confirm their suggestion by deriving analytical expressions for the two zero flavor
neutrino mass texture. This is the main advantage of this paper.
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For example, for B1 case, the relations
Meτ = 0, Mµµ = 0, (33)
Mee = (f
B1
eµ )
−1Meµ = (f
B1
µτ )
−1Mµτ = (f
B1
ττ )
−1Mττ ,
yield the following non-linear simultaneous equations
0 =
3∑
k=1
hB1ek h
B1
τkΛk =
3∑
k=1
(hB1µk)
2Λk,
Mee =
3∑
k=1
(hB1ek )
2Λk
= (fB1eµ )
−1
3∑
k=1
hB1ek h
B1
µkΛk
= (fB1µτ )
−1
3∑
k=1
hB1µkh
B1
τkΛk
= (fB1ττ )
−1
3∑
k=1
(hB1τk )
2Λk. (34)
We can use the coupled equations in Eq.(34) to reduce the number of assumptions
for the Yukawa couplings.
3.2. A specific case
First, we take an extremely specific configuration of the Yukawa couplings to show
a clear visible linkage between neutrinoless double beta decay and the mass of the
dark matter candidate. More general analysis will be shown in the next subsection.
For the sake of simplicity, we assume that N1,2,3 are nearly degenerate and we
take M1 ∼ M2 ∼ M3 ∼ M0.3 In this case, we obtain the relation of Λ1 = Λ2 = Λ3
and
M˜ee = (f
X
αβ)
−1
3∑
k=1
hXαkh
X
βk, (35)
from (32), where
M˜ee =
8π2
λ5v2
m20 −M20
M0
(
1− M
2
0
m20 −M20
ln
m20
M20
)−1
Mee. (36)
One can readily find the following clear linkage between dark matter mass M0 in
the one-loop radiative seesaw model and the effective neutrino mass for the neutrino
less double beta decay Mee, which is described by
Mee =
∑
k h
X
αkh
X
βk
fXαβ
λ5v
2
8π2
M0
m20 −M20
(
1− M
2
0
m20 −M20
ln
m20
M20
)
. (37)
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As more specific example, we consider the possibility that two Yukawa couplings
vanish. In the B1 case, we obtain the following non-linear simultaneous equations
3∑
k=1
(hB1ek )
2 = M˜ee,
3∑
k=1
hB1ek h
B1
µk = f
B1
eµ M˜ee,
3∑
k=1
hB1ek h
B1
τk = 0,
3∑
k=1
(hB1µk)
2 = 0, (38)
3∑
k=1
hB1µkh
B1
τk = f
B1
µτ M˜ee,
3∑
k=1
(hB1τk )
2 = fB1ττ M˜ee.
A solution to the non-linear simultaneous equations in Eq.(38) is obtained as
hB1e1 =
(fB1eµ )
2M˜ee + (h
B1
µ1 )
2
(
(fB1µτ )
2
(fB1µτ )
2M˜ee−fB1ττ (h
B1
µ1 )
2
+ 1
)
2fB1eµ h
B1
µ1
,
hB1e2 = −
fB1µτ M˜ee
hB1µ1
√
M˜ee(fB1ττ −
(fB1µτ )
2M˜ee
(hB1µ1 )
2
)
,
hB1e3 = −
i
2fB1eµ h
B1
µ1
(
(fB1eµ )
2M˜ee
+(hB1µ1 )
2
(
(fB1µτ )
2
fB1ττ (h
B1
µ1 )
2 − (fB1µτ )2M˜ee
− 1
))
,
hB1µ1 : free parameter, h
B1
µ2 = 0, h
B1
µ3 = ih
B1
µ1 ,
hB1τ1 =
fB1µτ M˜ee
hB1µ1
, hB1τ2 =
√
M˜ee(fB1ττ −
(fB1µτ )
2M˜ee
(hB1µ1 )
2
),
hB1τ3 = 0, (39)
where hB1µ1 remains as a free parameter. Similarly, we can obtain solutions for the
B2, B3 and B4 cases.
We note that there are only three direct assumptions for the Yukawa couplings:
(1) hB1µ2 = 0, (2) h
B1
τ3 = 0 and (3) h
B1
µ1 as a free parameter. This configuration is
specific, but there are less assumptions for the Yukawa couplings in Eq.(39) com-
pared with these in Eq.(29) or Eq.(30). We use the coupled equations in Eq.(34) or
Eq.(38) instead of some direct assumptions for the Yukawa couplings.
Although, we have reached our main goal of this paper to analytically show
the linkage between the dark matter mass and the effective neutrino mass for the
two zero flavor neutrino mass texture as in Eq. (32), some additional numerical
calculations may be required to visually confirm the validity of our method.
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In the neutrino sector, we use the following global fit of mixing angles84
sin2 θ12 = 0.306,
sin2 θ23 = 0.441 or 0.587,
sin2 θ13 = 0.0217. (40)
Although the CP-violating Dirac phase is reported to be:84
δ/◦ = 261+51−59 (NO) or 277
+40
−46 (IO), (41)
we vary δ as 0◦ ≤ δ ≤ 360◦ in this subsection. The estimated upper limit of the
magnitude of the effective neutrino mass from the experiments is |Mee| ≤ 0.20−2.5
eV,85 we assume 0.01 eV ≤Mee ≤ 1 eV. Recently, NOvA collaboration has reported
that the hypothesis of the inverted mass hierarchy with θ23 in the lower octant is
disfavored at greater than 93% C.L. for all values of δ;86 however, the problem of
the octant of θ23 (i.e. lower octant θ23 < 45
◦ or upper octant θ23 > 45
◦) is still
unresolved. According to Dev et al.55 and Meloni et al.,56 we employ the values of
θ23 given for both octant which are shown in TABLE 1.
In the dark sector, we adopt the following standard criteria:3, 87 (1) The quartic
coupling satisfy the relation of |λ5| ≪ 1 for small neutrino masses. (2) The Yukawa
couplings are sizeable. (3) The masses of new fields lie in the range between a few
GeV and a few TeV. Since we assume that the additional Majorana fermion is dark
matter, we require the relation of M0 < m0. We take
10−10 ≤ λ5 ≤ 10−6,
0.01 ≤ hXxx ≤ 1.0,
100GeV ≤M1 ≤ 10TeV,
m0 = 1.5M0, (42)
We estimate the allowed dark matter mass M0 and effective neutrino mass Mee
for Ωh2 = 0.1184± 0.001288 and Br(µ→ eγ) ≤ 4.2× 10−13.89 Although the upper
limits of the branching ratio of Br(τ → µγ) ≤ 4.4 × 10−8 and Br(τ → eγ) ≤
3.3× 10−8 are also reported,90 we only account for Br(µ→ eγ) since it is the most
stringent constraint. Since the flavor mixing effect is small, we assume that the
charged lepton mass matrix is diagonal.
FIG.1 shows the allowed dark matter mass M0 and effective neutrino mass Mee
for Ωh2 = 0.1184 ± 0.0012 and Br(µ → eγ) ≤ 4.2 × 10−13 with three direct as-
sumptions for the Yukawa couplings: (1) hB1µ2 = 0, (2) h
B1
τ3 = 0 and (3) h
B1
µ1 as a free
parameter. The purpose of this paper is to show a linkage between neutrinoless dou-
ble beta decay and the mass of the dark matter candidate encoded in Eq. (32). In
FIG.1, there are visible correlations between dark matter massM0 and the effective
neutrino mass of the neutrinoless double beta decayMee. As we will address later, if
we include the vacuum stability bound to our analysis, the dark matter mass should
be below ∼ 1 TeV. In this subsection, we take an extremely specific and simple con-
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Fig. 1. Dark matter mass M0 v.s. effective neutrino mass Mee for Ωh2 = 0.1184 ± 0.0012 and
Br(µ→ eγ) ≤ 4.2× 10−13 in the case of B1 texture with hB1µ2 = 0 and h
B1
τ3
= 0.
Table 1. Octant of θ23.
NO/IO B1 B2 B3 B4
NO ℓ u ℓ u
IO u ℓ u ℓ
figuration of the Yukawa couplings to just illustrate the visible correlations between
M0 and Mee.
3.3. More general analysis
Next, we preform the numerical analysis with more general setup. In this subsection,
the assumption of “two Yukawa couplings vanish” in the previous subsection is
removed. All Yukawa couplings are determined by numerical calculations of non-
linear simultaneous equations in Eq.(34) by Monte Calro method. In this subsection,
our assumptions for the values of parameters in the neutrino sector and the dark
sector are the same of those in the previous subsection except the following mass
relation
M1 < M3 ∼ m0, (43)
instead of m0 = 1.5M0 and perform the numerical analysis for the following two
cases: (i) M1 ≪M2 < M3 (at least M2 ≥ 20M1) and (ii) M1 . M2 < M3.
FIG. 2 shows the relic abundance of Dark matter Ωh2 v.s. dark matter massM1
for B1 texture in the case of NO for Br(µ → eγ) ≤ 4.2 × 10−13.89 The horizontal
dotted line in the figures show the observed relic abundance Ωh2 ∼ 0.1. FIG. 3
shows the same as FIG.2 but relic abundance of Dark matter Ωh2 v.s. effective
neutrino mass Mee. FIG. 4 shows the Dark matter mass M1 v.s. effective neutrino
mass Mee (we plot in the range of 0.01 eV ≤ Mee ≤ 0.1 eV) for B1 texture for
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Fig. 2. Relic abundance of Dark matter Ωh2 v.s. dark matter mass M1 for B1 texture in the case
of NO.
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Fig. 3. Same as FIG.2 but relic abundance of Dark matter Ωh2 v.s. effective neutrino mass Mee.
Ωh2 = 0.1184± 0.0012 and Br(µ→ eγ) ≤ 4.2× 10−13. TABLE 2 shows the arrowed
region of Dark matter massM1 and upper bound of effective neutrino massMee for
Ωh2 = 0.1184± 0.001288 and Br(µ → eγ) ≤ 4.2× 10−1389 in all case of B1,B2,B3
and B4.
From FIG. 2, FIG. 3, FIG. 4 and TABLE 2, we find the following:
• The dark matter with M1 ∼ O(TeV) is consistent with the relic abundance
of dark matter. This is commonly expected feature of the heavy cold dark
matter models.91, 92
• More relic abundance of dark matter Ωh2 is obtained in the case (i) com-
pared with it in the case (ii). In the case (ii), coannihilation channel is
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Fig. 4. Dark matter mass M1 v.s. effective neutrino mass Mee for B1 texture.
Table 2. Arrowed region of Dark matter mass M1
and upper bound of effective neutrino mass Mee for
Ωh2 = 0.1184 ± 0.0012.88
BX NO/IO M1,M2 M1 [TeV] |Mee|max [eV]
B1 NO M1 . M2 2.09-10.0 0.274
NO M1 ≪M2 1.08-4.36 0.318
IO M1 . M2 1.65-9.99 0.270
IO M1 ≪M2 1.26-4.67 0.221
B2 NO M1 . M2 3.10-9.94 0.121
NO M1 ≪M2 1.16-4.92 0.297
IO M1 . M2 2.52-9.99 0.312
IO M1 ≪M2 1.21-4.81 0.312
B3 NO M1 . M2 2.57-9.98 0.308
NO M1 ≪M2 1.00-4.89 0.235
IO M1 . M2 2.53-10.0 0.246
IO M1 ≪M2 1.15-4.75 0.292
B4 NO M1 . M2 2.54-9.98 0.233
NO M1 ≪M2 1.09-4.72 0.307
IO M1 . M2 1.73-9.98 0.282
IO M1 ≪M2 1.16-4.70 0.308
allowed because of M1 ∼ M2 and this coannihilation channel yields the
reduction of relic abundance.
• |Mee| < O(0.1)eV. In next subsection, we show that |Mee| ∼ O(0.01) eV is
expected.
• There is no significant distinction for M1 and |Mee| in NO and IO for all
textures B1,B2,B3 and B4. Since the nearly degenerate neutrino mass pat-
tern is obtained in the texture two zeros55, 77, 78 and we take wide parameter
range for dark side as in Eq.(43), the difference between NO and IO for M1
and Mee to be small.
• While there are algebraic relations neutrinoless double beta decay and the
June 25, 2018 6:14 WSPC/INSTRUCTION FILE
Kitabayashi˙Ohkawa˙Yasue˙IJMPA˙rev
One-loop radiative seesaw dark matter and neutrinoless double beta decay with two zero flavor neutrino mass texture 15
mass of the dark matter candidate encoded in Eq. (32) for all textures
B1,B2,B3 and B4, because of our general parameter setup, these relation
are washed out by other parameters. Recall that, for more simple parameter
setup, see FIG. 1, there are visible correlations between dark matter mass
M0 and the effective neutrino mass of the neutrinoless double beta decay
Mee.
• There is no significant distinction for M1 and |Mee| in textures B1,B2,B3
and B4. We comment that according to Ref.,
66 B2 and B4 textures are
compatible with the recent neutrino oscillation data for θ23 > 45
◦ and
|Mee| 6= 0 ; however, the problem of the octant of θ23 is still unresolved.
Thus we estimate M1 and |Mee| for all textures B1,B2,B3 and B4.
• We would like to comment that in the paper by Lindner et al94 the vacuum
stability of the scotogenic model is discussed and they find hardly any
viable points for a dark matter mass above 1.2 TeV with their parameter
setup. These vacuum stability bound is very important and relevant for our
study and we should include the stability bound. If we take account these
stability bound, the large dark matter masses shown in TABLE 2 will be
suppressed and the allowed dark matter mass should be only around 1 TeV.
The detailed analysis will be appeared in our future study.
3.4. CP violating phases
Finally, we study the dependence of the CP-violating Majorana phases α2 and α3
on the CP-violating Dirac phase δ.
Since the mass eigenvalue mj is obtained as Eq.(17), the Majorana phase φj
depends on not only δ but also arg(Mee) as follows;
77, 78
φj = −arg(mje−iφj ) = −arg(fXj (δ)) − arg(Mee). (44)
On the contrary, the physical CP-violating Majorana phase α2, α3 is specified by
two combinations made of φ1, φ2, φ3 such as
αj = φj − φ1 = arg
(
fX1 (δ)
fXj (δ)
)
, (45)
which depends on the CP-violating Dirac phase δ in all cases of B1, B2, B3 and B4.
For example, we have the following the ratio of fX1 (δ)/f
X
j (δ) for the B1 texture
fB11
fB12
∣∣∣∣
NO
≃ −2.27 + 1
0.287− 0.0452eiδ +
1
−0.602 + 2.13eiδ ,
fB11
fB13
∣∣∣∣
NO
≃ −0.763− 0.250eiδ + 1−0.669− 5.61eiδ + (0.505− 1.95eiδ)−1 , (46)
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with the mixing angles in Eq.(40) in the case of NO and
fB11
fB12
∣∣∣∣
IO
≃ −2.27 + 1
0.301− 0.0186eiδ +
1
−0.667 + 3.35eiδ ,
fB11
fB13
∣∣∣∣
IO
≃ −1.37− 0.186eiδ + 1−1.27− 4.08eiδ + (0.500− 1.21eiδ)−1 , (47)
in the case of IO.
Similarly, we obtain
fB21
fB22
∣∣∣∣
NO
≃ −2.27 + 1−0.660− 3.12eiδ +
1
0.300 + 0.0220eiδ
,
fB21
fB23
∣∣∣∣
NO
≃ −1.22 + 0.197eiδ + 1−1.15 + 4.34eiδ + (0.508 + 1.36eiδ)−1 , (48)
fB21
fB22
∣∣∣∣
IO
≃ −2.27 + 1−0.577− 1.88eiδ +
1
0.281 + 0.0539eiδ
,
fB21
fB23
∣∣∣∣
IO
≃ −0.684− 0.265eiδ + 1−0.546− 5.95eiδ + (0.500 + 2.08eiδ)−1 , (49)
for the B2 texture
fB31
fB32
∣∣∣∣
NO
≃ −2.26 + 1−0.647− 3.29eiδ +
1
0.297 + 0.0326eiδ
,
fB31
fB33
∣∣∣∣
NO
≃ −0.928 + 0.197eiδ + 1
1.21 + 6.14eiδ
, (50)
fB31
fB32
∣∣∣∣
IO
≃ −2.26 + 1−0.65− 2.44eiδ +
1
0.296 + 0.0244eiδ
,
fB31
fB33
∣∣∣∣
IO
≃ −1.49 + 0.265eiδ + 1
0.670 + 2.53eiδ
, (51)
for the B3 texture and
fB41
fB42
∣∣∣∣
NO
≃ −2.27 + 1
0.297− 0.0257eiδ +
1
−0.647 + 2.59eiδ ,
fB41
fB43
∣∣∣∣
NO
≃ −1.33− 0.250eiδ + 1
0.75− 3.01eiδ , (52)
fB41
fB42
∣∣∣∣
IO
≃ −2.27 + 1
0.296− 0.0346eiδ +
1
−0.647 + 3.47eiδ ,
fB41
fB43
∣∣∣∣
IO
≃ 0.738− 0.186eiδ + 1
1.35− 7.26eiδ , (53)
for the B4 texture.
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Fig. 5. The dependence of the Majorana CP-violating phases α2 (left panel) and α3 (right
panel)on the CP-violating Dirac phase δ for B1 texture.
Table 3. Majorana CP phases for
δ = 261◦ (NO) or δ = 277◦ (IO).
BX NO/IO |α2|/
◦ |α3|/◦
B1 NO 7.07 176
IO 5.06 178
B2 NO 4.06 179
IO 11.0 173
B3 NO 3.48 178
IO 5.66 176
B4 NO 3.46 178
IO 5.66 176
Shown in FIG.5 is the dependence of the Majorana CP-violating phases α2 (top
panel) and α3 (bottom panel) on the CP-violating Dirac phase δ for B1 texture. If
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we fix the Dirac CP phase as
δ/◦ = 261 (NO) or 277 (IO), (54)
the Majorana CP phases for B1,B2,B3 and B4 texture are obtained as in TABLE.
3.
To show the impact on Mee of the Dirac CP phase (the Majorana CP-violating
phases), we reconsider the effective neutrino mass Mee:
|Mee| = |c212c213m1 + s212c213m2eiα2 + s213m3eiα3 |. (55)
Since there is the relation of α2,3 = f(δ), the effective neutrino mass is a function
of the Dirac CP phase, e.g., |Mee| = f(δ). For example, we take (m1,m2,m3) =
(6.27, 6.33, 7.97)× 10−2 eV for NO and (m1,m2,m3) = (6.68, 6.73, 4.61)× 10−2 eV
for IO in the case of B1 texture.56, 77, 78 With the CP-violating Majorana phases in
TABLE. 3, we obtain
|Mee| ∼
{
0.059 eV (NO)
0.064 eV (IO)
(56)
in the B1 texture.
The upper limit of the magnitude of the effective neutrino mass is currently
restricted to be |Mee| ≤ 0.20 − 2.5 eV;85 however, in the future experiments, a
desired sensitivity |Mee| ≃ a few 10−2 eV will be reached.93 Upcoming experiments
for neutrinoless double beta decay and dark matter search to be useful to probe the
possible linkage between Mee and M1.
4. Summary
We have shown the linkage between dark matter mass M1 in the one-loop radiative
seesaw model and the effective neutrino mass Mee for the neutrino less double beta
decay for the two zero flavour neutrino mass texture.
The neutrino flavor masses obtained for the one-loop radiative seesaw model
(Eq.(5)) and for two zero flavor neutrino mass texture (Eq.(16)). We have found that
the clear linkage between dark matter mass in the one-loop radiative seesaw model
and the effective neutrino mass for the neutrino less double beta decay (Eq.(32)).
This relation has been already numerically suggested.3 We have confirmed this result
more explicitly by deriving exact analytical expression. Supplemental numerical
estimation of our analytical results is performed to visually confirm the validity of
our method.
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